Abstract Heat shock proteins play a key regulatory role in cellular defense. To investigate the role of the inducible 70-kDa heat shock protein (HSP70) in skeletal muscle atrophy and subsequent recovery, soleus (SOL) and extensor digitorum longus (EDL) muscles from overexpressing HSP70 transgenic mice were immobilized for 7 days and subsequently released from immobilization and evaluated after 7 days. Histological analysis showed that there was a decrease in cross-sectional area of type II myofiber from EDL and types I and II myofiber from SOL muscles at 7-day immobilization in both wild-type and HSP70 mice. At 7-day recovery, EDL and SOL myofibers from HSP70 mice, but not from wild-type mice, recovered their size. Muscle tetanic contraction decreased only in SOL muscles from wild-type mice at both 7-day immobilization and 7-day recovery; however, it was unaltered in the respective groups from HSP70 mice. Although no effect in a fatigue protocol was observed among groups, we noticed a better contractile performance of EDL muscles from overexpressing HSP70 groups as compared to their matched wild-type groups. The number of NCAM positive-satellite cells reduced after immobilization and recovery in both EDL and SOL muscles from wild-type mice, but it was unchanged in the muscles from HSP70 mice. These results suggest that HSP70 improves structural and functional recovery of skeletal muscle after disuse atrophy, and this effect might be associated with preservation of satellite cell amount.
Introduction
Skeletal muscle atrophy is a morphological adaptation that normally occurs in response to lack of use, such as immobilization, denervation, response to aging, and various pathological conditions [11, 19, 38] . During immobilization, the absence of stimulation leads to a failure or inhibition of muscle growth, reduced protein synthesis, and increased protein degradation [11, 19, 38] . Thus, depending on the period of immobilization, the outcome can include decreased muscle mass, reduction of force production and fatigue resistance, and myofiber type I to type II conversion [11, 19, 38] . Skeletal muscle mass recovery from immobilization/disuse is a key issue in rehabilitation, and depending on the time involved, reestablishment of initial mass can be severely impaired [15, 37] .
Although the process of skeletal muscle atrophy is well known at the structural level, the investigation of molecular mechanisms involved in this process is ongoing. It has been demonstrated that the number of satellite cells during muscle atrophy is reduced along with decreased expression of genes that are regulated during the activation and proliferation of satellite cells such as the receptor for hepatocyte growth factor c-Met, M-cadherin, and Myf5 [31] . In addition, expression of genes responsible for the modulation of muscle mass such as myostatin, atrogin-1, and muscle ring finger-1 (MURF-1) is intensely regulated in atrophied muscles [11, 19, 38] .
The heat shock proteins (HSPs) have also been associated with the muscle atrophy process [8, 42] . HSPs are a family of proteins that restore protein homeostasis and contribute to cell survival; thus, they have diverse roles, which include chaperoning, assisting in the removal of damaged proteins, protein folding and transport, regulating cell signaling pathways, and protection against cellular stress [24, 45] . All these features regard HSPs to act as tissue protectors. The most prominent member of the heat shock family of proteins is the 70-kDa heat shock protein (HSP70) [2] , and its expression levels are rapidly increased in response to cellular stress, conferring protection of myofibers [25, 32] .
It has been reported that during immobilization of skeletal muscles, the HSP70 expression can increase in response to the oxidative damage that occurs in atrophied muscles [36, 44] . On the other hand, there is a depression of HSP70 expression in atrophied muscles previously submitted to long-term hindlimb unloading (28 days), which consequently impairs muscle mass recovery [22] . In order to address the role of HSPs in skeletal muscle atrophy, studies demonstrated that wholebody hyperthermia before [34] and during [39] skeletal muscle disuse promotes high levels of HSP70 and attenuates muscle wasting. Because the whole-body hyperthermia is an unspecific method to promote the expression of HSPs, more recent studies investigated the effect of overexpressing HSP70 in atrophied muscles provoked by electroporation method and found that increased levels of HSP70 attenuated muscle mass loss previously induced by immobilization in young and senescent rats suggesting that the HSP70 is involved in protection against muscle atrophy [7, 41, 42] . This effect is associated to the downregulation of atrogin-1 and MURF-1 [41, 42] , ubiquitin ligases involved in the major proteolytic pathway in skeletal muscle, the ubiquitin-proteasome system [12, 23] .
Although it has been shown that HSP70 is involved in protection against muscle wasting, the role of HSP70 in structural and functional key aspects of atrophy and subsequent recovery of phenotypically distinct muscles is still unknown. Moreover, the effect of HSP70 expression in atrophied muscles using a more physiological model, such as a transgenic mouse, has not been investigated. Therefore, this study aimed to investigate the role of HSP70 in histological and functional aspects of skeletal muscle atrophy and subsequent recovery of immobilized soleus (SOL) and extensor digitorum longus (EDL) in overexpressing HSP70 transgenic mice.
Materials and methods
This study was conducted according to the ethical principles in animal research followed by the National Institutes of Health (Bethesda, MD) and the Brazilian College of Animal Experimentation. All protocols were approved by the Institutional Animal Care and Use Committee of Loyola University Medical Center and the Institute of Biomedical Sciences/University of São Paulo Ethical Committee for Animal Research.
Animals
The transgenic mice overexpressing HSP70 were previously generated [28] . Briefly, the rat HSP70 was cloned into pCAGGS, a vector that produces high transgenic expression using a human cytomegalovirus enhancer upstream of the chicken β-actin promoter intron. Founders were generated by standard methods. Subsequently, they were screened using Southern blot analysis and then bred to homozygosity. Male HSP70-overexpressing transgenic mice (n024) and wild-type (WT) CB6F1 mice (n024; 2 months old) weighing 17.5±1.5 and 23±1.7 g, respectively, were kept in standard plastic cages in an animal room under controlled environmental conditions and maintained on standard food and water ad libitum.
Experimental design
All animals used in the present study, except those from the HSP70 and WT control groups, were anesthetized with pentobarbital sodium (50 mg/kg, respectively). The immobilization of the left hindlimb of each animal was held in the neutral position of the ankle using plaster. Great care was taken to make sure that the plaster did not cause ischemia. The EDL and SOL muscles were evaluated after 7 days of immobilization; other groups of animals had their left hindlimbs free after immobilization (7 days) and were assessed after 7 days. The muscles from intact animals served as control. In all three mentioned groups (control, immobilized for 7 days, and immobilized for 7 days and released from immobilization for 7 days), there were muscles from both HSP70 and WT mice, totalizing six groups. At the end of the experiments, the animals were sacrificed, and body and muscle weights were obtained. Then, the muscles were divided into two parts, one half for immunostaining experiments and another half to Western blot. Since entire muscles were required for in vitro contraction experiments, the other animals were exclusively used on those.
Antibodies used for immunostaining and Western blot analysis
The primary antibodies used for immunostaining were (1) mouse anti-myosin heavy chain (anti-MHC) type II monoclonal antibody, clone MY-32 (1:1,000 dilution; catalog no. M4276, Sigma); (2) mouse anti-skeletal MHC type I monoclonal antibody, clone NOQ7.5.4D (1:4,000 dilution, catalog no. M8421; Sigma); and (3) rabbit anti-neural cell adhesion molecule (NCAM) affinity-purified polyclonal antibody (2.5 μg/ml, catalog no. AB5032; Chemicon International, Temecula, CA). The corresponding secondary antibodies used for immunostaining were (1) goat anti-mouse IgG-FITC (1:50 dilution, catalog no. Sc-2010; Santa Cruz Biotechnology, Santa Cruz, CA); (2) goat anti-mouse IgG-FITC (1:50 dilution, catalog no. SC-2010; Santa Cruz Biotechnology); and (3) rhodamine red goat anti-rabbit IgG (1:50 dilution, catalog no. Rb394; Molecular Probes, Eugene, OR).
The primary antibody used for Western blotting was HSP70 (1:2,000 dilution) raised in the rabbit against a synthetic peptide as previously described [30] . The secondary antibody used for Western blotting was goat anti-rabbit IgG peroxidase-conjugated (1:5,000 dilution; catalog no. PI-1000; Vector Laboratories).
Immunostaining
Muscle cross sections were fixed with 4% paraformaldehyde in 0.2 M phosphate buffer (PB) for 10 min at room temperature, blocked with 0.1 glycine in PBS for 5 min, and permeabilized in 0.2% Triton X-100/PBS for 10 min. The slides were incubated overnight in a moisture chamber at 4°C with a solution containing the primary antibody, together with 3% normal goat serum and 0.3% Triton X-100/0.1 M PB. After the slides had been washed (three 10-min washes with 0.1 M PB), a solution containing the respective secondary antibody and 0.3% Triton X-100/0.1 M PB was added, and the slides were maintained in this solution for 2 h in a dark room. The slides were again washed in 0.1 M PB (three 10-min washes), after which they were mounted with Vectashield mounting medium containing 4′, 6-diamidino-2-phenylindole (cat# H-1200; Vector Laboratories) and coverslipped. The stained sections were analyzed in a Nikon Eclipse light microscope (PCM2000 and E600, respectively; Nikon, Melville, NY).
Western blot analysis
Cellular protein extracts were prepared from the muscle tissue of both control and transgenic mice. The level of HSP70 was quantified using Western blot analysis as previously described [14] with a specific antibody to HSP70. Protein samples were fractionated for Western blot analysis on an 8% SDS-PAGE gel and electrotransferred onto nitrocellulose membrane using a submersion electrotransfer apparatus (Bio-Rad Laboratories). The nitrocellulose blots were reacted with an antibody that binds specifically to HSP70. After, blots were reacted with an anti-rabbit IgG biotin-streptavidin horseradish peroxidaseconjugated antibody and developed using an ECL kit (catalog no. 34080; Pierce Biotechnology).
Quantitative and morphometric analysis
The quantitative and morphometric analyses were evaluated using a digitizing unit connected to a computer software (Image-Pro Plus; Media Cybernetics, Silver Spring, MD).
In order to assess the incidence of muscle fiber types I and II and their respective cross-sectional areas (CSAs), a total of ∼500 fibers per muscle in each group were counted, classified, and measured after immunostaining with antibodies against MHC types I and II in the SOL and EDL muscles.
As previously described [32] , the frequency of NCAM per muscle was expressed as a percentage of the ratio of the number of NCAM-positive satellite cells (satellite cells) to the number of fibers associated or not associated with satellite cells. Three whole muscle cross sections from different animals in each group were used for NCAM analysis. The SOL and EDL muscle fiber CSAs were obtained from a total of ∼1,000 fibers per muscle. Approximately three or four cross sections of the SOL and EDL muscles from different animals were analyzed in all groups.
In vitro muscle contraction experiments WT and HSP70 mice were euthanized by cervical dislocation, and SOL and EDL muscles were rapidly removed from both limbs in random order. As previously reported [13] , the muscles were mounted at constant length in a tissue bath containing oxygenated, mammalian Ringer solution (in mM, 137 NaCl, 5 KCl, 2 CaCl 2 , 1 MgSO 4 , 1 NaH 2 PO 4 , 24 NaHCO 3 , and 0.025 tubocurarine chloride). The solution was gassed continually with 95% O 2 -5% CO 2 throughout the experiment. Temperature was maintained at 37°C. Muscles from both WT and transgenic mice were from three distinct experimental groups: control (n05), immobilized for 7 days (n05), and immobilized for 7 days and recovered for 7 days (n05).
Muscle contractile properties
The preparation and experimental conditions used for in vitro contraction of SOL and EDL muscles have been described previously [13] . A muscle tendon was tied with 4-0 silk to a support and the other tendon was tied to the lever arm of a servomotor (Aurora Scientific, Richmond Hill, ON, Canada) that controls muscle length and measures the force developed by the muscle. The force transducer was connected to a computer that was used to collect and analyze force generated by the muscle contraction.
Optimal muscle length (L 0 ) for peak twitch force was established for the isolated muscles. All subsequent measurements were made at L 0 . The muscles were electrically stimulated between two platinum electrodes with 0.1 ms square wave pulses of supramaximal voltage. The force generated by the muscle contraction was measured by the force transducer (Aurora Scientific, Richmond Hill, ON, Canada) coupled to an acquisition software package (Aurora Scientific, Richmond Hill, ON, Canada). Stimulation frequency was increased in EDL and soleus muscles until optimal force was obtained; muscles were rested for 2 min between each of these contractions [13] . For tetanic contractions, we used pulse train duration of 0.8 s, and the stimulation frequency was set at 100 Hz and then adjusted in increments of 50 Hz to obtain maximal isometric force. The contractions were obtained in grams and then converted to millinewtons.
Fatigue protocol SOL and EDL muscles were electrically stimulated for 5 min with 0.1 ms square wave pulses at 40 Hz and 60 V for 0.1 s every 5 s [13] . The force generated was measured throughout the fatiguing protocol.
Statistical analysis
Statistical analyses were carried out using the Statistical Package for the Social Sciences version 11.01. Multiple comparisons of mean values were performed using ANOVA and a post hoc Tukey's test when appropriate. A one-way repeated-measures ANOVA was used to analyze the effects of the fatigue protocol in the muscles. For comparisons between only two groups, an unpaired t test was used. For all comparisons, p<0.05 was considered significant.
Results

HSP70 expression
Our results show, as expected, that both intact EDL and SOL muscles of WT mice had undetected levels of HSP70 (Fig. 1) . Furthermore, HSP70 was substantially expressed in the intact transgenic muscles, in which SOL muscle showed reduced expression when compared to EDL muscle (Fig. 1a) . Interestingly, the WT muscles immobilized for 7 days showed a great induction of HSP70 expression (Fig. 1b) , overcoming HSP overexpressing muscles. After 7 days of recovery from immobilization, the HSP70 expression was undetected in EDL and SOL muscles from WT mice (Fig. 1c) .
Muscle weight, myofiber cross-sectional area, and NCAM-positive satellite cells Control EDL and SOL muscles from HSP70 mice were significantly reduced when compared to those from WT mice (21% and 32%; respectively, p<0.05, Table 1 ). The EDL muscle weight from both WT and transgenic animals was not altered in all groups. At this time of immobilization, we did not detect significant alterations in muscle weight in EDL muscle. However, immobilized SOL muscles from both WT and HSP70 mice showed a significant decreased weight (26% and 40%, respectively, p<0.05, Table 1 ). After recovery from immobilization, SOL muscle from WT mice still showed reduced weight when compared to control (22%, p<0.05, Table 1 ); however, those from HSP70 mice had similar weight as compared with their controls (Table 1) .
The EDL myofiber type I cross-sectional area did not change in the immobilized groups from both WT and HSP70 mice, and only the recovered HSP70 muscles had an increase of myofiber type I cross-sectional area when compared to their controls (33%, p<0.05, Fig. 2 ). The EDL myofiber type II showed a greater decrease of cross-sectional area in WT mice when compared to HSP70 mice (50% and 16%, respectively, p<0.05, Fig. 2 ). After 7 days of recovery, the EDL myofiber type II cross-sectional area was still reduced in WT mice (54% vs control, p<0.05, Fig. 2 ) and returned to the control values in HSP70 mice.
In SOL muscles, the cross-sectional area of myofiber type I and II was diminished in immobilized groups from both WT and HSP70 mice (type I, 27% and 17%; type II, 31.5% and 32%; respectively, p<0.05, Fig. 2 ). However, after 7 days of recovery, the SOL myofiber type I and II cross-sectional areas were still reduced in WT mice (type I, 16%; type II, 31.5%, p<0.05, Fig. 2 ) and returned to the control values in HSP70 mice.
The percentage of NCAM-positive satellite cells was significantly decreased in both immobilized EDL and SOL muscles from WT mice (56% and 36% of control, respectively, p<0.05, Table 1 ). After 7 days of recovery from immobilization, only WT mice showed reduced number of NCAM-positive satellite cells in both EDL and SOL muscles (69% and 57% of control, respectively, p<0.05, Table 1 ). However, HSP70 mice did not have changes in the number of NCAM-positive satellite cells among groups (Table 1) .
Muscle contraction measurements
The maximum tetanic contraction (MTC) of EDL muscle did not change in all groups evaluated (Table 2) . On the other hand, the MTC of SOL muscle from immobilized and recovered WT mice was decreased (55% and 47%, respectively, p< 0.05, Table 2 ). HSP70 mice did not have alterations in the MTC, neither by immobilization nor by immobilization following recovery of both EDL and SOL muscles ( Table 2) .
The loss of force generation by EDL and SOL muscles over time during repetitive tetanic contractions at 40 Hz was analyzed. Although there was an apparent reduction in force generation of immobilized EDL muscles and an improvement in force generation of recovered EDL muscles from both WT and HSP70 mice, they were not statistically significant (Fig. 3) . There was a greater force generation in the groups control, immobilized, and recovered of EDL muscles from HSP70 mice when compared to the respective groups in the WT mice (p<0.05, Fig. 3 ). The force generation in SOL muscles was unaltered in all groups evaluated over time during repetitive tetanic contractions (Fig. 3) .
Discussion
Loss of skeletal muscle mass and function are important clinical consequences of certain diseases, immobilization/ reduced activity, poor nutrition, use of specific medications, and aging [3, 17] . In addition, muscle wasting itself is known as an independent risk of increased morbidity and mortality [3] . The present study shows that the overexpression of inducible HSP70 in transgenic mice improved the recovery of muscle mass after immobilization of both EDL and SOL muscles, representative of fast and slow twitch muscles, respectively. These results provide further information in agreement with previous reports showing that the overexpression of HSP70 induced by either whole-body hyperthermia [34, 39] or plasmid electroporation [41, 42] was able to attenuate skeletal muscle disuse atrophy.
HSP70 is the most abundant inducible cytoprotective HSP and can be induced by a variety of factors (i.e., ischemia, hyperthermia, free calcium accumulation, stress on intermediate filaments, glycogen and ATP depletion, electro-mechanical coupling, oxidative stress, and acidosis) that can be present during prolonged exercise and also in immobilization atrophy [26] . In fact, we showed that 7-day immobilization induced a robust increase of HSP70 expression in both EDL and SOL muscles from WT mice; however, there was a slight induction of HSP70 expression in the respective muscles from transgenic mice. These results are in line with previous reports showing that immobilization induces oxidative stress [1, 40] , which may consequently cause oxidative damage and increase of HSP70 levels during immobilization [36, 44] . In addition, we found that in WT 7-day recovery post-immobilization, HSP70 expression returns to control levels in both control and transgenic mice.
Differently from SOL muscles, EDL muscles were less affected by immobilization as demonstrated by unaltered muscle weight and size of myofiber type I after 7 days of immobilization. These results are in line with previous studies showing that slow twitch muscles, such as the SOL, are more susceptible to atrophic stimuli [9, 10] and also could Fig. 1 Western blot analysis of extensor digitorum longus (EDL) and soleus (SOL) muscles from HSP70 and WT mice from the groups control (A), immobilized for 7 days (B), and immobilized for 7 days and recovered from immobilization for 7 days (C). Blots were reacted with antibody specific for the inducible HSP70 and subsequently with antibody to GAPDH Values are expressed as mean±SD, n05-6. An ANOVA test followed by Tukey's procedure for multiple comparisons was applied to test differences among the groups: C (control), I (immobilized for 7 days) and I+R (immobilized for 7 days and recovered from immobilization for 7 days) from WT and HSP70 mice, respectively *p<0.05 vs matched WT; **p<0.05 vs matched C group; ***p<0.05 vs matched I group be related to higher levels of HSP70 expression observed in EDL muscles under basal condition when compared to SOL muscles (Fig. 1) .
As previously described [29, 32] , the EDL and SOL muscle weights from HSP70 mice were smaller than those from WT mice. In contrast to unrecovered muscle mass in WT mice, the overexpression of HSP70 in transgenic mice significantly improved muscle mass recuperation postatrophy. This could be related to the fact that the high expression of HSP70 in the muscles from transgenic mice was already present in the moment in which the mechanical stimulus was removed and consequently caused an attenuation of muscle mass loss shown in HSP70 mice under immobilization. Accordingly, HSPs could have retarded muscle atrophy during disuse by both maintaining protein synthesis and decreasing the rate of muscle protein breakdown. Considering that HSP70 binds to nascent polysomes and guides them through the ribosome channel [21, 35] and, has also been shown to affect initiation of translation [43] , it is likely that the overexpression of HSP70 could be involved in maintenance of protein synthesis by sustaining polypeptide elongation rate.
Regarding protein degradation, it is known that muscle atrophy induced by immobilization is accompanied by oxidative injury in myofibers [1, 40] . This increase in the oxidative stress speeds muscle proteolysis because oxidatively modified Values are expressed as mean±SD, n05-6. An ANOVA test followed by Tukey's procedure for multiple comparisons was applied to test differences among the groups: C (control), I (immobilized for 7 days) and I+R (immobilized for 7 days and recovered from immobilization for 7 days) from WT and HSP70 mice, respectively *p<0.05 vs matched C group proteins are very susceptible to proteolytic attack, [6] and thus, high levels of HSP70 at the moment that the mechanical stimulus was removed could reduce or prevent this proteolytic activity by binding to oxidatively modified proteins and assist in their refolding [27] . Another possibility is that the HSP70 could regulate specific atrophy signaling pathways and consequently attenuate skeletal muscle disuse atrophy, as plasmid-mediated overexpression of HSP70 in muscles from rats has been shown to prevent atrophy by regulating the key atrophy genes atrogin-1 and MURF-1 through, at least in part, the inhibition of transcriptional activity of Foxo3a and NF-kB [41, 42] .
In addition to the complete recovery of muscle mass postatrophy in overexpressing HSP70 muscles, there was a significant protection against loss of muscle force. Furthermore, although there was no effect of our fatigue protocol on gradual decrease of muscle force, we could see a better contractile performance of EDL muscles from overexpressing HSP70 groups as compared to their matched WT groups. The mechanism involved in protection of HSP against muscle force deficit is unclear. Some studies have also shown benefits in contractile function of muscles overexpressing HSPs, in which the overexpression of HSP70 in old mice prevented decrease of muscle force after lengthening contraction injury [29] , and the overexpression of HSP10 preserved age-related loss of muscle contractile function [20] through a reduction in the accumulation of oxidative damaged mitochondrial proteins.
Considering that satellite cells have a crucial role in the maintenance of muscle mass [4, 16] and atrophy caused by immobilization leads to significant reduction in the number of satellite cells and impairs satellite cell proliferative potential [5, 33] ; our results showing that overexpressing HSP70 muscles completely recovered their mass after Fig. 3 Force production of extensor digitorum longus (A) and soleus (B) muscles from transgenic HSP70-overexpressing mice (HSP 70) and wild-type mice (WT) from the groups control (C), immobilized for 7 days (I) and immobilized for 7 days and recovered from immobilization for 7 days (I+R) during protocol of 5-min fatigue. The data are expressed as percentage of initial force in the 10ª, 20ª, 30ª, 40ª, 50ª, and 60ª muscle contractions. Values are expressed as mean±SE, n04-5. A oneway repeated-measures ANOVA was applied to test differences among the groups: *p<0.05 vs matched WT disuse atrophy prompted us to assess the number of satellite cells. Our data demonstrated that high levels of HSP70 could prevent reduction in the number of NCAM-positive satellite cells in muscles exposed to immobilization, thus contributing to attenuation of muscle atrophy and consequent regain of muscle mass. Although the mechanisms involved in this effect is still unknown, it is possible that the overexpression of HSP70 allowed stabilization/survival of satellite cells, which consequently has a critical role in preservation of muscle mass [4, 16] . This finding is in line with the results from Kamanga-Sollo et al. [18] , which demonstrated that increased HSP70 expression in muscle induced by heat stress increases satellite cell proliferation.
In summary, this work shows for the first time that the expression of HSP70 in skeletal muscle by transgenesis improves structural and functional recovery post-atrophy in mice. In addition, we also present evidence that this beneficial effect is associated with preservation of satellite cell amount. These findings have significant implications for clinical trials targeting the induction of HSP70 in an effort to improve recovery of muscle mass and function in diverse clinical conditions related to muscle wasting.
